Actin filament arrays are constantly remodeled as the needs of cells change as well as during responses to biotic and abiotic stimuli. Previous studies demonstrate that many single actin filaments in the cortical array of living Arabidopsis thaliana epidermal cells undergo stochastic dynamics, a combination of rapid growth balanced by disassembly from prolific severing activity. Filament turnover and dynamics are well understood from in vitro biochemical analyses and simple reconstituted systems. However, the identification in living cells of the molecular players involved in controlling actin dynamics awaits the use of model systems, especially ones where the power of genetics can be combined with imaging of individual actin filaments at high spatial and temporal resolution. Here, we test the hypothesis that actin depolymerizing factor (ADF)/cofilin contributes to stochastic filament severing and facilitates actin turnover. A knockout mutant for Arabidopsis ADF4 has longer hypocotyls and epidermal cells when compared with wild-type seedlings. This correlates with a change in actin filament architecture; cytoskeletal arrays in adf4 cells are significantly more bundled and less dense than in wild-type cells. Several parameters of single actin filament turnover are also altered. Notably, adf4 mutant cells have a 2.5-fold reduced severing frequency as well as significantly increased actin filament lengths and lifetimes. Thus, we provide evidence that ADF4 contributes to the stochastic dynamic turnover of actin filaments in plant cells.
INTRODUCTION
The actin cytoskeleton is a filamentous network that plays a central role in powering a myriad of cellular processes, including the maintenance of cell architecture, cell crawling, and the transport or positioning of organelles (Pollard and Cooper, 2009; Szymanski and Cosgrove, 2009 ). The actin cytoskeleton undergoes constant rearrangements, as the needs of a cell changes or in response to biotic and abiotic stimuli. The rapid turnover and rearrangements of actin filaments must be regulated in space and time to create a diverse set of actin arrays. Although much has been learned about key regulatory proteins and the assembly of actin filaments in the test tube, a deep understanding of the molecular mechanisms underpinning actin turnover in vivo remains to be fully addressed.
Actin (F-actin) polymerizes at filament ends from a pool of assembly-competent monomers (G-actin) . At equilibrium in a test tube and in the absence of regulatory proteins, assembly and disassembly reactions are balanced, leading to a flux of subunits through the polymer in a process known as treadmilling. This turnover process can be enhanced or inhibited by actin binding proteins, including monomer binding proteins, capping proteins, and severing factors. The presence of numerous actin binding proteins in the cytoplasm of cells predicts that actin turnover is precisely choreographed; however, understanding the molecular mechanisms requires imaging cytoskeletal polymers at high temporal and spatial resolution.
Recently, the combination of a minimal set of proteins (a processive formin, profilin, and actin depolymerizing factor [ADF]/ cofilin) produced a 155-fold enhancement in the turnover of single actin filaments in vitro and allowed for reconstitution of motility in a simplified system (Michelot et al., 2007; Pavlov et al., 2007; Roland et al., 2008) . This turnover by fragmentation was deemed "stochastic dynamics" and demonstrated a clear role for ADF/cofilin in filament disassembly (Michelot et al., 2007; Roland et al., 2008) . Moreover, stochastic fragmentation of actin filaments was shown to govern the organization and aging of the dendritic actin filament array in Arp2/3-generated actin comet tails in vitro and was predicted to play a role in yeast actin patch turnover .
In general, several hypotheses concerning actin filament turnover via ADF/cofilin have been articulated based on observations of filament turnover in vitro as well as from computer-based kinetic simulations. For example, filament disassembly could occur by (1) depolymerization from filament ends (Carlier et al., 1997);  (2) turnover by fragmentation of filaments (Andrianantoandro and Pollard, 2006; Chan et al., 2009; Berro et al., 2010; Kueh et al., 2010) ; or (3) a combination of filament severing and depolymerization, most likely facilitated by the action of other proteins, such as AIP1 (Kueh et al., 2008 (Kueh et al., , 2010 Okreglak and Drubin, 2010) . Unfortunately, relatively few direct observations of single actin filament growth and disassembly have been made in vivo (Vavylonis et al., 2008; Staiger et al., 2009; Smertenko et al., 2010) ; however, it is becoming generally accepted that actin turnover in vivo is dominated by rapid filament elongation and prolific severing, rather than by treadmilling.
The stochastic dynamics of single actin filaments have been observed in the cortical cytoplasm of Arabidopsis thaliana epidermal cells expressing fluorescent actin binding protein reporters Khurana et al., 2010; Smertenko et al., 2010) . Two populations of actin filaments, filament bundles and individual filaments, exist in epidermal cells and show remarkably different dynamic properties. Single actin filaments are thin, have lower fluorescence intensity values, and present some challenges in imaging. Nevertheless, using variable-angle epifluorescence microscopy (VAEM), several parameters of their initiation, growth, and turnover have been analyzed quantitatively Smertenko et al., 2010) . New actin filaments are synthesized de novo from G-actin subunits in the cytoplasm, from recently severed ends of filaments, and from the side of preexisting filaments or bundles Smertenko et al., 2010) . In hypocotyl epidermal cells, these single actin filaments elongate rapidly at rates of 1.7 mm/s and disassemble via prolific severing activity, rather than minus-end shrinkage . Although this overall dynamic behavior is conserved in various cell types, the actual rates of filament growth and severing can differ markedly (Smertenko et al., 2010; Wang et al., 2011) . Filament turnover by stochastic dynamics is predicted to be regulated by a plethora of actin binding proteins, including ADF/cofilin Blanchoin et al., 2010; Day et al., 2011) . Combining the ability to image single actin filaments in vivo with a large collection of actin binding protein mutants provides an unparalleled opportunity to directly visualize the effect of loss of key regulatory proteins on single actin filament dynamics in living cells. We hypothesize that the severing component of stochastic dynamics is mediated by ADF/cofilin or villin/gelsolin family members in Arabidopsis cells Staiger et al., 2010; Day et al., 2011) .
In vitro, ADF/cofilins bind to both G-and F-actin with a strong preference for ADP-actin, (Carlier et al., 1997; Blanchoin and Pollard, 1999; Andrianantoandro and Pollard, 2006; Pavlov et al., 2007; Suarez et al., 2011) . Historically, ADF/cofilin activity was thought to mediate filament turnover mainly by depolymerization from filament pointed ends (Carlier et al., 1997) ; however, timelapse total internal reflection fluorescence microscopy (TIRFM) experiments show conclusively that turnover in vitro occurs predominantly by ADF-mediated severing (Andrianantoandro and Pollard, 2006; Chan et al., 2009; Suarez et al., 2011) . The targeted binding of ADF/cofilin to aged regions of an actin filament causes a change in the twist of the filament and lowers the persistence length (McGough et al., 1997; McCullough et al., 2008) , which renders the filament more susceptible to breakage events at boundaries between bare and ADF/cofilin-decorated segments (De La Cruz, 2009; Suarez et al., 2011) . ADF/cofilin severing activity increases the number of actin filament barbed ends available to capping proteins and stimulates filament disassembly (Andrianantoandro and Pollard, 2006; Reymann et al., 2011) .
Plant ADF protein variants show ancient and extreme diversity among their sequences (Ruzicka et al., 2007) . Yet, most that have been characterized have the expected biochemical properties in vitro (Gungabissoon et al., 1998 (Gungabissoon et al., , 2001 Ressad et al., 1998; Smertenko et al., 2001; Chen et al., 2004; Schü ler et al., 2005; Chaudhry et al., 2007; Khurana et al., 2010) . Recombinant Arabidopsis ADF4 is no exception; it binds G-actin, inhibits nucleotide exchange on monomers, and exhibits a 355-fold higher affinity for ADP-loaded actin when compared with ATPactin (Tian et al., 2009) . Similar to other model systems, a direct visualization of the role of ADF-mediated severing in vivo is lacking for plant cells; however, gross rearrangements in actin architecture occur when ADF/cofilin expression levels are altered in Arabidopsis (Dong et al., 2001) and in Physcomitrella patens (Augustine et al., 2008) .
Here, we test the hypothesis that plant ADF/cofilin family members contribute to the stochastic dynamic behavior of individual actin filaments in living cells. Using a knockout mutant of Arabidopsis ADF4, we observed that perturbation of the stochastic dynamics of actin filaments leads to marked changes in the cortical actin array. We quantified single actin filament parameters in the adf4 mutant and observed a 2.5-fold to threefold reduction in severing frequency as well as significantly longer filament lengths and lifetimes. Loss of ADF4 also led to quantitatively increased actin filament bundling in cells along the entire length of the hypocotyl. Both phenotypes were rescued by expression of ADF4 behind a constitutive promoter. We present initial evidence for a direct role of severing in modulating the turnover of actin filaments in vivo and provide support for our model of the regulation of stochastic dynamics by specific actin binding proteins.
RESULTS

Multiple ADF Variants Are Expressed in Arabidopsis Hypocotyls
Arabidopsis has a multigene family of ADFs comprising 11 members in four ancient subclasses (Ruzicka et al., 2007) . To determine the relative abundance of ADF variant expression in light-and dark-grown hypocotyls, normalized microarray data were obtained from Ma et al. (2005) . Subclass I ADFs (ADF1 to ADF4) were the most abundantly expressed variants in hypocotyls, and, with the exception of ADF4, all were expressed more strongly in the dark than in the light (see Supplemental Figure 1A online). Subclass II variants (ADF5 and ADF9) were also modestly expressed in hypocotyls. We chose ADF4 for further analysis due to its reasonable expression level in hypocotyls and because of our previous characterization of a knockout allele for this gene (Tian et al., 2009) . To confirm the microarray data, real-time quantitative PCR (qRT-PCR) was performed on 10-d-old lightgrown seedlings (see Supplemental Figure 1B online). Plant materials examined included wild-type Columbia-0, the homozygous adf4 mutant, and a rescue line expressing the cDNA of ADF4 driven by the constitutive cauliflower mosaic virus 35S promoter in a mutant background (i.e., 35S:ADF4;adf4). Transcript levels for ADF1 to ADF5 in wild-type seedlings roughly followed the relative expression reported by microarray data, although ADF5 appeared somewhat lower in the wild-type hypocotyls. ADF4 transcript was absent in the homozygous adf4 mutant (see Supplemental Figure 1B online), verifying that this is indeed a knockout (Tian et al., 2009 ). There was minimal compensation from other highly expressed ADFs in the hypocotyls of adf4 mutant seedlings (see Supplemental Figure 1B online). The 35S:ADF4 construct expressed in the adf4 mutant background resulted in twofold higher ADF4 levels compared with wild-type seedlings (see Supplemental Figure 1B online). The modest level of ADF4 ectopic/overexpression did not lead to any obvious morphological or developmental abnormalities in the rescue plants. This contrasts with a previous report on the overexpression of ADF1 resulting in developmental defects; however, the lines used were in a wild-type genetic background and had a 30-to 50-fold increase in transcript levels (Dong et al., 2001) .
Homozygous adf4 Mutant Seedlings Exhibit Several Growth Phenotypes
Previously, we observed that adf4 mutant plants were susceptible to the bacterial pathogen Pseudomonas syringae DC3000 expressing the effector protein AvrPphB (Tian et al., 2009) . To examine whether the loss of ADF4 resulted in cell and organ growth phenotypes, we grew wild-type, homozygous adf4 mutant, and 35S:ADF4;adf4 rescue seedlings on the same plates under dark-and light-grown conditions. In the light, adf4 seedlings had significantly longer roots compared with the wild type ( Figure 1A ; see Supplemental Figure 2A online); however, there was no obvious difference in hypocotyl length ( Figure 1A ).
In the dark, hypocotyls and roots from adf4 seedlings were noticeably longer than for wild-type or rescue line seedlings ( Figure 1B ). We therefore measured hypocotyl lengths from 2 to 14 d after germination; adf4 mutant hypocotyls were significantly longer than wild-type and 35S:ADF4;adf4 controls (P = 0.0001, analysis of variance [ANOVA]; Figure 1C ). This phenotype is consistent with the previous characterization of an Arabidopsis line in which subclass I ADFs were targeted with ADF1 antisense RNA (Dong et al., 2001) . Dark-grown roots of adf4 were also significantly longer over a 12-d growth period when compared with wild-type and rescue line roots (see Supplemental Figure 2B online). Because root growth has contributions from both cell division and expansion, the loss of ADF4 could perturb either, or both properties.
Hypocotyl growth occurs predominantly by cell elongation, rather than division, and there is a gradient of axial cell expansion that proceeds in an acropetal direction during development (Gendreau et al., 1997) . Therefore, we measured epidermal cell lengths and widths along the long axis of 5-d-old hypocotyls to correlate the organ elongation phenotype with cell expansion. Wild-type epidermal cells located at the top or apical region of the hypocotyl, near the cotyledons, were shorter in the axial dimension ( Figure 1D ) than cells located at the base of the hypocotyl near the roots ( Figure 1F ). Homozygous adf4 mutant epidermal cells located near the cotyledons were longer than wild-type cells from the same region ( Figure 1E ), whereas cells located at the base were not noticeably different from the wild type ( Figure 1G ). Cell length measurements were binned into three regions (top, middle, and bottom) and plotted as a function of position along the axial gradient of expansion ( Figure 1H ). Epidermal cells from adf4 mutants were significantly longer than cells from the wild type and 35S:ADF4;adf4 in the top (P value = 0.0013, ANOVA) and middle (P value = 0.0007, ANOVA) regions of the expanding hypocotyl ( Figure 1H ). However, epidermal cell widths were not altered in adf4 mutant hypocotyls ( Figure 1I ). Thus, in hypocotyls, the adf4 mutant phenotype comprises longer than normal dark-grown organs. This correlates with premature or faster axial cell expansion in the apical zone of mutant hypocotyls. In contrast with the hypocotyl, epidermal cells from petioles of dark-grown cotyledons were significantly shorter and thinner in the adf4 mutant compared with the wildtype and rescue lines (see Supplemental Figures 3A and B online).
Actin Cytoskeleton Architecture Is Altered in adf4 Epidermal Cells
To investigate whether growth phenotypes for the adf4 mutant correlate with an altered actin cytoskeleton, we measured several parameters that relate to cytoskeletal architecture. Snapshots obtained with VAEM (Konopka and Bednarek, 2008) were used to examine the overall arrangement of the actin cytoskeleton in individual epidermal cells from wild-type, adf4 mutant, and rescue line hypocotyls expressing green fluorescent protein (GFP)-fABD2 ( Figure 2 ; see Supplemental Figure 4 online). A montage of micrographs from a representative wild-type seedling showed increased actin filament bundling in the cortical array of dark-grown wild-type cells along the gradient of axial cell expansion ( Figure 2A ). By contrast, the density or abundance of filaments in the cortical array appeared to decrease as the cells finished expanding near the base of the hypocotyl (Figure 2A ). Homozygous adf4 seedlings displayed a similar trend in actin architecture along the gradient; however, the extent of bundling appeared to be more pronounced at the base of the hypocotyl and bundling occurred earlier or closer to the top of the hypocotyl compared with the wild type ( Figure 2B ).
Skewness and density are two statistical parameters that can be used to quantify the extent of actin filament bundling and cytoskeleton density, respectively, in populations of cells (Higaki et al., 2010b) . Moreover, the skewness parameter has been (A) Light-grown adf4 seedlings have longer roots compared with controls; however, no hypocotyl phenotype was apparent. Three light-grown seedlings, 10 d after germination, per genotype are shown. Bar = 1 cm. WT, wild type. (B) Etiolated hypocotyls and roots from homozygous adf4 seedlings are longer than those from wild-type and 35S:ADF4;adf4 (Rescue) lines. Three representative dark-grown seedlings, 10 d after germination, per genotype are shown. Bar = 1 cm. (C) Etiolated adf4 mutant hypocotyls are significantly longer than wild-type and 35S:ADF4;adf4 rescue seedlings from day 2 onward (denoted by asterisks, P = 0.0001, ANOVA); however, no significant difference in length is present between wild-type and 35S:ADF4;adf4 rescue (P = 0.65 for day 2, t test). Measurements were taken daily from at least 100 seedlings per genotype per day. Values are means 6 SE. (D) to (G) Representative images of hypocotyl epidermal cells from wild-type ([D] and [F]) and adf4 mutant ([E] and [G]) seedlings 5 d after germination. Epidermal cells were stained with FM4-64 dye to visualize cell boundaries and imaged with epifluorescence microscopy. Bar = 100 mm. (D) An axially elongating wild-type epidermal cell located in the top third of the hypocotyl (outlined in green) is shown. (E) A cell from an adf4 mutant seedling located in the same region as (D) is longer along the axis of expansion than the wild-type cell.
(F) A cell located in the bottom third of the wild-type hypocotyl has nearly completed axial growth. (G) A cell from an adf4 seedling imaged in the bottom third of the hypocotyl is not different from a wild-type cell imaged in the same region shown in (F). (H) Epidermal cells from adf4 hypocotyls are significantly longer in the axial dimension than wild-type and 35S:ADF4;adf4 controls (denoted by asterisk, validated with a reconstituted system comprising muscle actin filaments and recombinant actin bundling proteins Zhao et al., 2011) . To investigate further the relationship between skewness and density, we again used a reconstituted system to measure the density or percentage of occupancy of actin filament arrays generated in the absence and presence of various amounts of recombinant Arabidopsis VIL-LIN1 (VLN1). We found that skewness values increased with increasing amounts of VLN1, a simple filament bundling protein (Huang et al., 2005; Khurana et al., 2010) , whereas percentage of occupancy decreased (see Supplemental Figure 5 online). Thus, our data demonstrate that skewness and density are inversely related when the amount of actin filaments is fixed. We next used these parameters to measure the extent of bundling and percent occupancy along the gradient of axial cell expansion in hypocotyl epidermal cells from representative wild-type (Figures 2C and 2D) and adf4 mutant (Figures 2E and 2F) seedlings. Actin arrays in wild-type epidermal cells became increasingly more bundled ( Figure 2C ) and less dense ( Figure 2D ) as one moves down the gradient from actively expanding (near cotyledons) to ceased expanding (near roots). Interestingly, bundling and occupancy measurements appeared inversely correlated in wild-type epidermal cells in vivo. The architecture of the actin cytoskeleton in adf4 was altered, with bundling occurring earlier in the gradient of cell expansion, and the extent of bundling being much greater at the base of the hypocotyl in cells that have finished expanding than in the corresponding cells of the wild type ( Figure 2E) . Similarly, the percentage of occupancy of filaments was substantially decreased throughout the gradient of axial cell expansion, most notably in the actively expanding cells near the cotyledons ( Figure 2F ). To quantitatively assess changes in actin architecture in growing cells, we imaged and analyzed actin filament bundling and occupancy in every epidermal cell along a file for more than 10 hypocotyls of each genotype. For ease of comparison, data from cells in the top, middle, and bottom third of hypocotyls were binned ( Figure 3 ). Actin arrays in actively growing (top) adf4 mutant cells were significantly more bundled ( Figure 3A ) and markedly less dense ( Figure 3B ) than comparable wild-type cells. Importantly, the 35S:ADF4;adf4 rescue line was not significantly different than the wild type ( Figures To examine whether cytoskeletal architecture was altered in adf4 cells from other organs, we measured skewness and density for epidermal cells from 5-d-old dark-grown petioles of the seedling cotyledon. In the smaller cells of adf4 petioles, bundling was significantly increased, whereas percent occupancy was modestly but significantly decreased compared with the wild-type and the rescue line cells (see Supplemental Figures 3C and 3D online) . These findings support the conclusion that altered actin filament organization in the adf4 mutant results in an increase in actin bundling and a reduction in the density of the cortical array.
ADF4 Is Partially Responsible for the Severing Component of Stochastic Dynamics in Vivo
The ability to examine single actin filament dynamics in living plant cells offers an unparalleled opportunity for detailed studies of the molecular mechanism of actin turnover in vivo Khurana et al., 2010; Smertenko et al., 2010) . Staiger et al. (2009) observed that many individual actin filaments undergo stochastic dynamics, whereby rapid elongation (;1.7 mm/s) at filament plus ends is balanced by prominent severing activity. Based on knowledge of their biochemical properties, we predicted that either villin/gelsolin or ADF family members, or both, contribute to actin filament turnover through their severing activity Blanchoin et al., 2010) .
Previously, we demonstrated that recombinant ADF4 binds to G-actin with moderate affinity (K d value, 0.1 mM) and has a 355fold preference for ADP-loaded rather than ATP-loaded actin (Tian et al., 2009) . To evaluate whether ADF4 is capable of severing actin filaments, we used time-lapse TIRFM and rhodamineactin filaments (Andrianantoandro and Pollard, 2006; Chan et al., 2009; Khurana et al., 2010) . The well-characterized variant, ADF1, was used as a control. Originally, ADF1 was thought to only depolymerize actin filaments from pointed ends (Carlier et al., 1997) , but recently its severing activity has been demonstrated directly with TIRFM . Analysis of time-lapse series from preformed rhodamine-actin filaments that were perfused with ADF4 showed the generation of numerous breaks in the filament backbone over time ( Figure 4A ; see Supplemental Movie 1 online). Severing frequency, defined as the number of breaks observed per micron of filament per second, was used as a measure of potency to evaluate multiple experiments at different ADF concentrations. Severing activity increased in a dose-dependent manner in the presence of both ADF4 and ADF1, reaching maximal levels at 500 nM ADF4, with a corresponding rate of 0.0043 6 0.0003 breaks/mm/s ( Figure 4B ). In addition, there was a characteristic inhibition of severing at higher concentrations of ADF variants (Andrianantoandro and Pollard, 2006; Chan et al., 2009) . However, at each concentration measured, there was no significant difference in severing activity between the two variants (P value = 0.62, ANOVA; Figure 4B ). Like ADF1 , recombinant ADF4 is therefore capable of disassembling actin filaments via its severing activity.
To investigate whether the changes in actin architecture observed in adf4 mutant seedlings were the result of altered single actin filament dynamics, we performed time-lapse VAEM (A) VAEM micrographs demonstrate increased actin filament bundling and decreased filament density in the cortical array of dark-grown wild-type (WT) epidermal cells. A montage of images from a single representative hypocotyl is displayed, with cells near the cotyledons at the left and cells near the root at the right. Values shown correspond to the distance of each cell from the cotyledons. Bar = 10 mm. (B) VAEM micrographs of adf4 hypocotyl epidermal cells showing that actin filaments are more bundled and less dense than the wild type (A) in cells located in the lower two-thirds of the hypocotyl. Additionally, bundled actin filaments in cells located near the root in adf4 appear much brighter than bundled filaments in the wild type. (C) Bundling (skewness) quantitatively increases along the gradient of axial cell expansion in a representative hypocotyl. Skewness values were measured from micrographs for every cell of the hypocotyl shown in (A) and plotted as a function of distance from the cotyledons. (D) Quantitative analysis of actin filament density along the gradient of axial cell expansion in a representative hypocotyl. Actin filament density decreases in the cortical array of wild-type epidermal cells in the region spanning from cotyledons to root for the hypocotyl shown in (A). Moreover, on the cortical actin cytoskeleton of hypocotyl epidermal cells undergoing axial elongation Khurana et al., 2010) . Arabidopsis epidermal cells have two populations of actin filaments in the cortical cytoplasm: putative single filaments that are extremely dynamic and actin filament cables that are much longer-lived and less dynamic ( Figure 5A ; Staiger et al., 2009; Khurana et al., 2010) . As shown in Figure 5A (see Supplemental Movie 2 online), single actin filaments in wild-type epidermal cells can grow at rates approaching 2 mm/s and are typically disassembled by severing activity. Interestingly, actively expanding epidermal cells from the adf4 mutant showed altered turnover of these single actin filaments, with fewer apparent severing events ( Figure 5B ; see Supplemental Movie 3 online). We quantified the severing frequency, maximum filament length, maximum filament lifetime, filament origin, and depolymerization and elongation rates in epidermal cells at the apex of 5-d-old hypocotyls of the adf4 knockout mutant,and compared these to values from the wild-type and rescue lines (Table 1) . Severing frequency was decreased 2.5-fold in adf4 mutant cells when compared with the wild type. Moreover, the average value for maximum filament length was significantly longer and the maximum filament lifetime was 1.5-fold longer in adf4 mutant cells. Filament elongation rates were slightly lower, as were depolymerization rates; however, neither value for adf4 cells was significantly different from the wild type.
When nonexpanding epidermal cells from the base of 11-to 13-d-old hypocotyls were examined, the trends for most parameters were consistent with the axially expanding cells (Table 1) . For example, the adf4 mutant had a threefold reduction in severing frequency, a 1.8-fold increase in maximum filament lifetime, and 1.5-fold increase in filament elongation rate. A representative VAEM time series from an adf4 mutant cell shows the consequences for single filament dynamics; the reduced instances of severing resulted in a maximum filament length of 50 mm for the highlighted filament ( Figure 6 ; see Supplemental Movie 4 online). Values from the 35S:ADF4;adf4 rescue line were not significantly different from wild-type stochastic dynamic parameters, except for a modest but significant enhancement in severing frequency in 5-d-old hypocotyls and maximum filament lifetime in 11-to 13-d-old hypocotyls ( Table 1) . The latter might be expected from the slight overexpression of ADF4 in the rescue line (see Supplemental Figure 1B online) ; indeed, the severing frequency was slightly elevated in all cell types examined (Table 1; see Supplemental Table 1 
online).
The literature suggests that in addition to changes in filament turnover with cell age or expansion ), there may be differences in filament turnover in different cell types (Smertenko et al., 2010; Wang et al., 2011) . Therefore, we also measured actin dynamics parameters in epidermal cells from 5-d-old cotyledon petioles. Similar results were obtained for petiole cells, with severing frequency being 2.5-fold reduced and significantly enhanced maximum filament lifetimes and lengths in adf4 mutant compared with wild-type seedlings (see Supplemental Table 1 online). The filament origin parameter showed no substantial differences in trends across all three cell types examined (Table 1; see Supplemental Table 1 online), with roughly equal proportions of growing filaments occurring de novo in the cytoplasm, from the end of preexisting fragments or from the side of filaments or bundles ). Similarly, depolymerization rates were not altered in the adf4 mutant, irrespective of cell growth status (Table 1 ). In summary, loss of ADF4 from epidermal cells results in a marked change in actin filament turnover, with a significant reduction in severing activity, longer individual actin filaments, and increased filament lifetimes.
DISCUSSION
In this study, we combined live-cell imaging techniques with reverse-genetic analyses to test a simple model for the regulation of actin filament turnover. Specifically, we dissected the importance of ADF/cofilin activity on the stochastic dynamics of individual actin filament turnover, in general, and on the severing of actin filaments, in particular. Dark-grown Arabidopsis seedlings with reduced ADF4 levels exhibited a hyperelongated hypocotyl phenotype and a corresponding gross disruption of actin cytoskeleton organization, similar to a previous report on ADF1 antisense plants (Dong et al., 2001) . Loss of ADF4 resulted in quantifiable changes to the architecture of the cortical actin cytoskeleton in epidermal cells. Most notably, the extent of filament bundling was significantly increased, whereas array density was decreased in the actively growing cells of the adf4 mutant. To understand this phenotype in greater detail, we examined parameters of single actin filament turnover Smertenko et al., 2010) . Because recombinant Arabidopsis ADF proteins sever actin filaments in vitro (this study; Khurana et al., 2010) , the stochastic severing component of disassembly was predicted to be altered in adf4 mutants. Epidermal cells from the hypocotyls and petioles of adf4 mutants exhibited a 2.5-fold to threefold decrease in severing activity as well as a significant enhancement in maximum filament lengths and filament lifetimes compared with the wild type. All of these phenotypes were reversed upon modest overexpression of ADF4 behind a constitutive promoter in adf4 homozygous adf4 Stochastic Dynamics mutant plants. These results provide direct evidence for the importance of severing by ADF/cofilin in actin filament turnover by stochastic dynamics in vivo.
Severing Is a Key Mechanism for ADF/Cofilin-Mediated Actin Filament Disassembly
The ADF/cofilin family is considered to be a central regulator of actin filament turnover in eukaryotes (Van Troys et al., 2008; Bernstein and Bamburg, 2010) . ADF/cofilins share several in vitro properties, including the ability to bind both G-and F-actin, with a strong preference for ADP-loaded rather than ATPloaded actin (Carlier et al., 1997; Blanchoin and Pollard, 1999; Andrianantoandro and Pollard, 2006; Pavlov et al., 2007; Suarez et al., 2011) . Their activity is concentration dependent; disassembly is favored at low concentrations and nucleation at high concentrations of cofilin (Andrianantoandro and Pollard, 2006; Chan et al., 2009) . ADF/cofilin activities are further regulated by pH, phosphoinositide lipids, and other proteins (Okada et al., 2006; Kueh et al., 2008; Gandhi et al., 2009; Berro et al., 2010; Okreglak and Drubin, 2010) . Traditionally, based largely on work with Arabidopsis ADF1, ADF/cofilins were thought to disassemble actin filaments by facilitating the depolymerization of ADP monomers from filament pointed ends (Carlier et al., 1997) . Briefly, using a nucleotide exchange assay, Carlier et al. (1997) reported a 25-fold increase in the dissociation of subunits from the pointed end of filaments in the presence of ADF1. However, recent TIRFM imaging has shown that single-filament turnover is largely mediated by filament fragmentation, rather than solely by depolymerization (Andrianantoandro and Pollard, 2006; Chan et al., 2009) . Moreover, the measured subunit depolymerization rates from individual filaments treated with low concentrations of human or Schizosaccharomyces pombe cofilin were predicted to be too slow to account for the previously observed rates of nucleotide exchange (Andrianantoandro and Pollard, 2006) . Several groups have used computer modeling approaches, based on these known biochemical properties, to further dissect the role of this important family of proteins in actin filament turnover, resulting in two main mechanisms for ADF/cofilin's contribution to filament disassembly, including filament severing and a bursting mechanism that requires the concerted activities of other accessory proteins like coronin and AIP1 (Roland et al., 2008; Berro et al., 2010; Kueh et al., 2010; Sirotkin et al., 2010) . Importantly, these modeling results imply that depolymerization alone cannot account for the turnover rates of actin filaments observed originally in vitro.
ADF4 Is Capable of Severing Actin Filaments in Vitro
We used time-lapse TIRF microscopy to show that two plant ADFs, ADF1 and ADF4, are capable of severing actin filaments in vitro. Our severing frequency values indicate that plant ADF1 and ADF4 are somewhat less potent than ADF/cofilins from other eukaryotes (Andrianantoandro and Pollard, 2006; Chan et al., 2009 ). However, the general properties of the plant ADFs investigated are similar to other eukaryotic ADF/cofilins, including preferential binding to ADP-loaded actin (Chaudhry et al., 2007; Tian et al., 2009) , filament severing as the mechanism of turnover , and bottom (P = 0.0011, t test) thirds of the dark-grown seedling when compared with wild-type controls. Average bundling values for the 35S:ADF4;adf4 rescue line were not significantly different from the wild type (WT). Values given are means 6 SE (n = 300 images per region; n = 150 cells per region; n = 10 hypocotyls). Asterisks denote statistical difference by t test. (B) Average filament density was measured and binned for the same regions as in (A). Knockout adf4 seedlings have significantly decreased filament density in the top (P = 0.0003, t test) and middle (P = 0.0164, t test) thirds of dark-grown seedlings when compared by t test with wild-type controls. Average filament density values for the 35S:ADF4;adf4 rescue line were not significantly different from the wild type. Binned density results in vivo appear inversely related to the binned bundling results in (A). Values given are means 6 SE (n = 300 images per region; n = 150 cells per region; n = 10 hypocotyls).
[See online article for color version of this figure.] , and the inability to sever certain types of bundled actin filaments (Huang et al., 2005; Khurana et al., 2010) . At least one member of the Arabidopsis ADF family, ADF9, appears to lack or has minimal filament severing activity and is instead a simple filament bundling and stabilizing protein (Tholl et al., 2011) . This latter observation emphasizes the importance of performing detailed biochemical analyses prior to interpreting mutant phenotypes or making assumptions about cellular functions. ADF4 lacks filament bundling activity in vitro (J.L. Henty, unpublished data); however, it binds preferentially to ADP-loaded actin monomers (Tian et al., 2009 ) and severs actin filaments at the same frequency as ADF1 (this study). Thus, Arabidopsis ADFs are predicted to be central players in actin turnover by stochastic dynamics Staiger et al., 2010; Day et al., 2011) .
Arabidopsis Hypocotyls Are an Ideal Model System for Studying Actin Turnover in Vivo
Epidermal cells from the hypocotyls of Arabidopsis seedlings are an excellent model system for imaging cytoskeletal components and for correlating changes in cytoskeletal architecture or turnover with anisotropic cell expansion (Gendreau et al., 1997; Ehrhardt and Shaw, 2006; Lucas and Shaw, 2008; Staiger et al., 2009) . For example, hypocotyl epidermal cells have been used to study the dynamic instability and angle-dependent contact changes in microtubule behavior as well as long-term rotary movements of the entire array (Shaw et al., 2003; Chan et al., 2007; Lucas et al., 2011) . The hypocotyl system also features prominently in studies of cortical microtubules as tracks for the guidance of integral membrane protein CesA complexes during the synthesis and oriented deposition of cellulose fibrils in the cell wall (Paredez et al., 2006; Gutierrez et al., 2009 ). Furthermore, epidermal cells from hypocotyls expressing the actin reporters, GFP-fABD2 or Lifeact-GFP, have been used to quantify mechanisms of actin filament assembly and disassembly. Notably, the ability to visualize single filaments or small bundles by VAEM (Konopka and Bednarek, 2008) has facilitated a detailed analysis of filament growth, elongation and depolymerization rates, severing frequency, and convolutedness Smertenko et al., 2010) . These observations, and a deep knowledge of the biochemical and biophysical activities of many plant actin binding proteins, have led to a simple model for the regulation of actin turnover by stochastic dynamics Blanchoin et al., 2010; Day et al., 2011) . By combining a large collection of T-DNA insertion mutants and the power of Arabidopsis genetics with advanced imaging modalities, an unparalleled opportunity to dissect the mechanisms that underpin stochastic dynamics exists.
Our results confirm a role for ADF/cofilin in the turnover of filaments by prolific severing activity in vivo. Specifically, we observed marked alterations in stochastic dynamics parameters in adf4 knockout mutant cells, including a significant reduction in severing frequency as well as increased maximum filament lengths and lifetimes. Importantly, depolymerization rates were not different in adf4 mutant cells, consistent with a minor role for this ADF/cofilin in the disassembly of actin by facilitating depolymerization from filament pointed ends. These changes in actin dynamics were observed for actively expanding and nongrowing epidermal cells of the hypocotyl as well as cotyledon petiole cells. Although severing activity was not completely abolished in adf4 knockout cells, this is to be expected since ADFs are present in a multigene family, several of which are expressed in dark-grown hypocotyls (see Supplemental Figure 1A online; Ma rhodamine-actin filaments. Time-lapse images were recorded at ;1.5to 3-s intervals with TIRFM. Severing frequency was calculated as the maximum filament length divided by the number of breaks per filament over time (breaks/mm/s). The severing frequency for 50 filaments per concentration was calculated from three independent batches of each protein, with n = 3 replicates per concentration. Means 6 SD are shown. No significant differences between ADF1 and ADF4 severing rates were found at any concentration tested (P > 0.05, t test).
adf4 Stochastic Dynamics et al., 2005) . Moreover, other actin binding proteins like the villin/ gelsolin/fragmin family are capable of severing filaments in vitro Zhang et al., 2010; Zhang et al., 2011) and are also likely to be expressed in these same cells (Ma et al., 2005) . Nevertheless, our findings provide strong evidence that ADF/cofilin contributes to the stochastic dynamic behavior of single actin filaments in plants.
Actin Filament Turnover Is Important for Aspects of Cell Expansion and Elongation
The turnover of individual actin filaments and formation of actin filament bundles are generally considered to be important for anisotropic cell expansion and cellular morphogenesis (Smith and Oppenheimer, 2005; Dhonukshe et al., 2008; Nick et al., 2009; Thomas et al., 2009; Higaki et al., 2010a) . Here, we show that actively expanding cells in the apex of adf4 hypocotyls display extensively bundled actin arrays as well as a reduced actin turnover. This implies that increased actin bundling and/or dynamic individual filaments are required for anisotropic cell expansion. The actin cytoskeleton is generally considered to promote cell growth, to contribute to spatially restricted expansion, and to participate in vacuolar morphogenesis as well as transvacuolar strand formation and maintenance. The disruption of actin bundles leads to alteration of plant cell wall thickness, vacuolar shape changes (Higaki et al., 2011) , and the loss of transvacuolar strands (Staiger et al., 1994) . One possibility is that turgor pressure, the main driving force of plant cell expansion, is altered when vacuolar surface area or morphology are perturbed (Szymanski and Cosgrove, 2009; Higaki et al., 2010a Higaki et al., , 2011 . The actin cytoskeleton is also thought to be a major contributor to cell expansion and morphology by creating tracks for positioning (A) Time-lapse VAEM was used to image the cortical actin cytoskeleton in a dark-grown, 5-d-old wild-type hypocotyl epidermal cell expressing GFP-fABD2, as described previously . A representative single actin filament is highlighted (green dots); it grows rapidly and is dismantled by prolific severing (arrows). By contrast, a representative actin filament cable (yellow star) remains relatively stationary throughout the ;20-s elapsed time (see Supplemental Movie 2 online). Bar = 10 mm. (B) Time-lapse VAEM of a dark-grown, 5-d-old adf4 homozygous seedling expressing GFP-fABD2 shows altered dynamics of individual actin filaments.
A representative single actin filament is highlighted (green dots) that grows rapidly but persists throughout the ;20-s elapsed time. More actin filament cables (yellow stars) are present in the adf4 cell than in the wild type (A) (see Supplemental Movie 3 online). Bar = 10 mm. and/or motility of endomembrane compartments (Smith and Oppenheimer, 2005; Gutierrez et al., 2009; Szymanski and Cosgrove, 2009; Higaki et al., 2010a) and directed delivery of cell wall components (Baskin, 2005; Smith and Oppenheimer, 2005; Szymanski and Cosgrove, 2009 ). However, the presence of both single and bundled actin filaments throughout the cell cortex where various cargos are delivered during cell expansion Dong et al., 2001) further complicates the involvement of actin in these processes, since little is known about the exact dimensions of F-actin required for specific delivery of various cargos. For example, we do not know at present whether bundle thickness or polarity matter for cargo being trafficked to the actively growing region of a cell. It is perhaps significant to note that myosin motors in animal and S. pombe cells are sensitive to the nature of the tracks on which they transport cargoes (Brawley and Rock, 2009; Clayton et al., 2010) , a theme that requires further exploration in plant cells. Loss of ADF4, through altered actin organization and dynamics, could have indirect effects on endomembrane compartment motility or positioning, as well as vacuolar trafficking and morphology. Therefore, altered subcellular trafficking may lead to increased axial cell expansion in the adf4 mutant.
Our data on enhanced actin bundling and reduced filament turnover in hypocotyl epidermal cells are inconsistent with a second model for the role of actin bundles in cell expansion. Primarily based on experiments with monocot coleoptiles and exogenous expression of a bundling factor, it has been proposed that the extent of actin bundling inhibits axial cell expansion (Waller et al., 2002; Nick et al., 2009; Nick, 2010) . Furthermore, treatments with the auxin efflux inhibitor triiodobenzoic acid (TIBA) display excessively bundled actin arrays (Dhonukshe et al., 2008) , and this correlates with reductions in rice (Oryza sativa) coleoptile growth (Nick et al., 2009; Nick, 2010) . Although the exact mechanism of TIBA-induced actin bundling is not known, some component of the cytoskeleton is considered to be the target (Dhonukshe et al., 2008) . However, TIBA has no effect on the maximum extent of growth in dark-grown oat (Avena sativa) coleoptiles (Shinkle and Briggs, 1984) , suggesting that the bundled state of actin does not necessarily directly correlate with growth. Epidermal cells from petioles of the adf4 mutant also exhibit enhanced bundling; however, these cells are shorter and thinner than the wild type (see Supplemental Figure 3 online), further indicating that the actin bundling status with regard to cell elongation may be more complicated than previously assumed or may be tissue specific. Perhaps the ratio of single actin filaments to actin bundles is important for cell expansion and this has, until recently, resisted detailed analysis due to the lack of quantitative measures for individual actin filaments. Our measurements of actin filament bundling and density in the axially expanding epidermal cells at the apex of the hypocotyl versus the nonelongating cells at the base may address this hypothesis.
In wild-type hypocotyls, expanding cells have dense actin arrays and less bundling, whereas filament arrays in nongrowing cells are more bundled and less dense. If F-actin levels remain constant, this suggests that the dynamic interplay between the two filament populations is regulated during cell expansion or organ development.
Based on in vitro data and detailed analysis of the stochastic dynamics parameters of single actin filaments in the adf4 mutant, we hypothesize that plant ADF/cofilins are likely to have direct effects on the turnover of single actin filaments but indirect effects on bundling. Although not quantified, Arabidopsis ADF1 antisense plants appear to have excessively bundled arrays in the hypocotyl, cotyledon petioles, and root hair cells (Dong et al., 2001) , indicating that loss of ADF contributes to the actin-based phenotypes reported. Inducible RNA interference lines for ADF2 also result in extremely dense cytoskeletal arrays with prominent bundles in hypocotyl epidermal cells and root vascular cells (Clé ment et al., 2009) . Similarly, inducible suppression of Arabidopsis AIP1, which is thought to function synergistically with ADF/cofilins, leads to excessively bundled arrays but reduced cell expansion (Ketelaar et al., 2004a) . Somewhat indirect evidence shows that inducible expression of GFP-mTn leads to enhanced filament bundling and perturbation of root hair growth by inhibiting the activity of ADF/cofilin (Ketelaar et al., 2004b) . Biochemical analyses also support a direct role for plant ADF on individual actin filaments rather than bundles because ADF/ cofilin cannot disassemble or sever bundles generated by VLN1 (Huang et al., 2005; Khurana et al., 2010) or LIM domain proteins (Thomas et al., 2006) . Alternatively, as observed in fission yeast, ADF/cofilin might compete for binding and severing when different populations of actin bundling proteins are bound to filaments (Skau and Kovar, 2010) .
Given that adf4 mutant cells exhibit a reduced severing frequency and increased maximum filament lengths and lifetimes, it seems probable that the increase in bundling is a consequence of a disruption in single-filament turnover. Furthermore, since these cells show a quantitative increase in bundling and inverse relationship with filament density, it is likely that the overall amount of actin filaments is not changing in the adf4 mutant. In other words, a lack of increased filament density suggests that there is not more actin present in the adf4 mutant and, therefore, that there is not simply more polymer available to be assembled into bundles. Perhaps the reduction in filament turnover, or the significantly increased filament lifetimes, in the adf4 mutant allows more time for individual actin filaments to make contact with adjacent filaments or bundles and facilitates a "catch and zipper" mechanism, resulting in extensively bundled actin arrays (Michelot et al., 2007; Khurana et al., 2010) . Future studies will explore the interrelationship between single actin filaments and bundles in vitro and in vivo and will test the roles for each population in axial cell expansion. It will also be important to test the role of other major actin binding proteins in the stochastic dynamic model for actin turnover.
METHODS
Chemicals
All chemicals were purchased from Sigma-Aldrich unless stated otherwise.
Plant Material/Growth
Homozygous mutant adf4 (GARLIC_823_A11.b.1b.Lb3Fa) was identified and characterized previously (Tian et al., 2009) . DNA primers (forward) 59-gcggtcgacatggctaatgctgcgTcaggaatgg-39 and (reverse) 59-GCG-GTCGACTTAGTTGACGCGGCTTTTCAAAAC-39 were used to add SalI restriction enzyme sites (underlined) for cloning the ADF4 open reading frame into pMD1 containing a T7 epitope tag. Homozygous adf4 mutant plants were transformed as previously described (Tian et al., 2009 ). These lines were crossed to Arabidopsis thaliana Columbia-0 expressing our GFP-fABD2 reporter , and homozygotes were recovered in the F2 population. A single-blind experimental design was used to screen Arabidopsis lines for phenotypes objectively. Seeds were surface sterilized and stratified for 3 d at 48C on 0.53 Murashige and Skoog medium supplemented with 1% Suc. Seedlings were grown under longday conditions (16 h light/8 h dark) at 218C. Alternatively, stratified seeds were exposed to 4 h of light, plates triple-wrapped in aluminum foil, and seedlings allowed to germinate in the dark. Arabidopsis seedlings were grown for 2 to 14 d after germination with all three genotypes on the same plates for phenotypic analyses and epidermal cell length and width measurements. Epidermal cell lengths and widths were measured on growing and nongrowing regions of etiolated hypocotyls and on 5-d-old petioles. Five-day-old hypocotyls were incubated in 5 mM FM4-64 dye (Molecular Probes) for 10 min, and then the top third of each hypocotyl below the apical hook, middle, and bottom third closest to the roots were imaged using a 340/0.95-numerical aperture objective and wide-field fluorescence microscopy. All image measurements were performed in ImageJ (http://rsb.info.nih.gov/ij/).
RNA Extraction and qRT-PCR
Light-grown seedlings (10 d after germination) of wild-type, homozygous mutant adf4, and 35S:ADF4;adf4 rescue lines were flash-frozen and ground to a fine powder in liquid nitrogen. RNA isolation was performed with TRIzol reagent (Invitrogen) in accordance with the manufacturer's instructions. Two-step qRT-PCR was performed using 23 SYBR Green master mix (Applied Biosystems), normalized to GAPD transcript levels, and analyzed with Excel software, as described by Khurana et al. (2010) . Gene-specific primers for ADF1, ADF2, ADF3, ADF4, and ADF5 (see Supplemental Table 2 online) were used to measure transcript levels. Three biological and technical replicates were performed per genespecific primer set.
Protein Purification
Recombinant Arabidopsis ADF4 and ADF1 were purified as described previously (Carlier et al., 1997; Tian et al., 2009) . Actin from rabbit skeletal muscle was purified by gel filtration chromatography on Sephacryl S-300 (MacLean-Fletcher and Pollard, 1980) . ADF concentrations were determined by extinction coefficient 14,340 M 21 cm 21 and 14,690 M 21 cm 21 Tian et al., 2009 ).
Measurement of Severing in Vitro
The ability of purified ADF to sever actin filaments in vitro was determined with a total internal reflection fluorescence microscope equipped with a 360/1.45-numerical aperture TIRFM PlanApo objective (Olympus). A 1:1 ratio of cold:rhodamine-actin (Cytoskeleton) filaments was polymerized with 13 KMEI at room temperature . After 30 min, the 5 mM stock of prepolymerized actin filaments was diluted to 25 nM and adhered to a visualization chamber coated with 5 nM N-ethylmaleimidemyosin. A dose series of 0 to 5 mM ADF1 or ADF4 was used to determine severing activity. Three independent batches of each protein and three technical replications were used per concentration. Filament severing rate was calculated as described by Khurana et al. (2010) . Briefly, the maximum length of each filament was measured with ImageJ software (version 1.41) on the first frame following perfusion of ADF and subsequent breaks recorded over time until the filament disappeared.
Time-Lapse Imaging of Actin Filament Dynamics in Vivo
VAEM (Konopka and Bednarek, 2008) was used to analyze the single actin filament dynamics in wild-type, homozygous recessive adf4 mutant, and 35S:ADF4;adf4 rescue line seedlings expressing GFP-fABD2. Darkgrown seedlings were mounted in water and imaged for no more than 15 min at a time. Epidermal cells from the top, middle, and bottom thirds of the hypocotyl were examined. Filament severing frequency, maximum length, filament origin, and elongation rates were calculated according to Staiger et al. (2009) . Briefly, severing frequency was determined as described above. Maximum filament length was the longest length of a tracked filament during the course of growth/turnover. Filament origin is given as the percentage of occurrence either de novo, from the side of a bundle or filament, or from the end of a preexisting fragment. The elongation rate was determined by fitting plots of filament length as a function of time with a linear curve in Excel or Kaleidagraph; values obtained were from at least four data points and R 2 $ 0.95. Maximum filament lifetime was the amount of time a filament was present, from initial filament origin until all pieces of the filament could no longer be tracked. To determine depolymerization rates, kymographs were prepared from growing actin filaments that were computationally straightened and plotted as filament length versus time with a custom plug-in for Image J (Kuhn and Pollard, 2005) . Rates were estimated from the slope of a line placed on the kymograph at the presumed pointed end of the growing filament.
Quantitative Analyses of Actin Filament Array Architecture
Skewness analysis, a metric based on the assumption that a population of actin filaments exhibit increased pixel intensities when bundled (Higaki et al., 2010b) , was employed to measure the extent of bundling in VAEM micrographs of hypocotyl and petiole epidermal cells. A fixed exposure time and gain setting were selected such that single actin filaments could be seen, but the pixel intensities of higher-order actin structures were not saturated. Micrographs were analyzed in ImageJ using parameters described previously (Higaki et al., 2010b; Khurana et al., 2010) . Every epidermal cell along the hypocotyl long axis was imaged with a series of overlapping micrographs. For statistical analysis, raw skewness values were binned into thirds based on position along the hypocotyl. Filament density was calculated as the percent occupancy of GFP-fABD2 signal in each micrograph used for filament bundling analysis (Higaki et al., 2010b) , with a few exceptions. Briefly, image threshold settings were set to include all actin filaments and then images were converted to binary black and white images. Because there were no z-series projections and VAEM generates high-contrast images, we did not apply Gaussian blur, high bandpass filter, or skeletonization processing steps. To validate the density measurement, we compared in vitro single actin filaments and reconstituted actin filament bundles generated with various amounts of VLN1 . Fifty micrographs per concentration of VLN1 were analyzed as above for the skewness analysis. We also measured density on images of hypocotyl epidermal cells expressing GFP-fABD2. Raw density values were binned into thirds based on length for statistical analysis. At least 500 images of hypocotyl epidermal cells per binned section were collected per genotype, from at least 10 individual seedlings for both measurements.
Statistical Analyses
Mean values, SE, SD, and statistical tests were calculated with Microsoft Excel software (version 14.0.2). Statistical significance was assessed by one-tailed Student's t test with unequal variance and between control and treatment and by ANOVA, as stated in the figure legends.
Accession Number
Sequence data from this article can be found in the Arabidopsis Genome Initiative under accession number At5g59890 (ADF4).
Supplemental Data
The following materials are available in the online version of this article. 
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